The present work aims at the microstructural characterization of TiAlZrN/ Al 2 O 3 and TiAlZrN/Si 3 N 4 coatings deposited via lateral rotating cathodes. The coatings were deposited using Lateral Rotating Cathodes (LARC) technology. The deposited coatings were studied for its cross sectional morphology using scanning electron microscopy. Energy Dispersive Spectrometry was also conducted along the cross section to determine the elemental composition. Micro Vickers hardness test was conducted to determine the hardness of the coatings. The scanning electron microscope images showed that TiAlZrN/Al 2 O 3 coatings showed preferred columnar grain orientation with multilayered structure while TiAlZrN/Si 3 N 4 coatings exhibit a dense grain structure. The TiAlZrN/Si 3 N 4 coating shows a hardness of 31.58 GPa while TiAlZrN/Al 2 O 3 coating shows a hardness of 25.40 GPa. Dry turning tests were performed on AISI 304 stainless steel. The TiAlZrN/Si 3 N 4 coatings show reduced flank wear. Both the coatings even under severe cutting conditions impart surface roughness of less than 1.5 μm.
Introduction
High productivity, good finished products and reducing manufacturing costs are major challenges to present metal working industries. High speed machining is seen as a promising solution to these challenges. However the process of machining involves relative motion between the work piece and cutting tool which gives rise to generation of heat at the contact zone due to friction. Cutting fluids or coolants is used to reduce the temperature at the point of contact, facilitate the flow of chips and prevent the adhesion between work piece and tool. The coolants or cutting fluids pose several problems to the environment and the personnel operating the machine. Further, the cost of the coolant sums up to nearly 15% -30% of the total machining cost [1] [2] . These factors have prompted the industries to adopt the concept of near dry machining which is also called as "Minimal Quantity Lubrication" (MQL) or "Extremely Low Quantity of Lubricant" machining. In this technique, the coolant used will be less than 100 ml/h [3] . Chinchanikar et al. [4] performed hard turning on AISI 4340 steel using nano structured AlTiN, multi-layered TiAlN/TiSiN and AlTiCrN coated tools under dry and MQL cutting conditions. It was found that MQL conditions offered higher tool life. Higher tool life was observed in case of nanocrystalline AlTiCrN coated inserts. Similarly Derflinger et al. [5] suggests the use of a hard coating with lubricating layer to increase life time of cutting tool under MQL conditions. But still near dry machining is yet to gain popularity because of factors such as cost involved, removal of chips and overall reliability of the system.
In addition it has been reported that most of the cutting fluids are nonbiodegradable in nature [6] . In view of these factors, dry machining gains its importance in metal working industries. But it also imposes a challenge for the requirement of cutting tool which possesses high thermal stability and wear resistance. The most suited cutting tool for such applications is to use cemented carbide inserts of K25 grade with WC-Co composition. But these inserts give a poor and erratic surface finish when used to machine the stainless steel alloys at high speeds [7] [8]. Austenitic stainless steel is one such material and has been categorized as one among "difficult-to-cut" material. This grade of steel finds its applications in chemical and food processing equipments and machine parts which require high corrosion resistance. High tool wear, low thermal conductivity, high work hardening effect and rough surface finish are some of the common problems associated in machining this grade of stainless steel [9] . In order to overcome these issues the coated cemented carbide inserts are used. The coatings belonging to the TiAlN family have gained significant attention in this regard and several works have been carried out to demonstrate their high temperature behaviour.
Settineri et al. [10] used AlSiTiN and AlSiCrN to perform dry milling on AISI M2 steel at speed of 150 m/min. and feed of 0.050 mm/rev./tooth. It was found that AlSiCrN tool showed less resistance. Abia et al. [11] performed dry turning on AISI 304 stainless steel using various coated tools such as AlTiSiN, AlCrSiN and TiAlN. It was observed in their studies that AlTiSiN coated tools showed significantly less wear on comparison with the others. Even under the most severe cutting conditions the roughness imparted to work parts was less than 2 μm. Similar results were found by Kaushik et al. [12] 
Experimental Details

Coating Deposition Technique
The coatings were deposited by means of Cathodic Arc Evaporation (CAE) which is a physical vapor deposition (PVD) technique using Hind High Vacuum industrial coating unit. The coating unit consisted of two lateral rotating cathodes mounted on the door of the chamber with the magnetic filters. The entire coating process is controlled by computer to monitor the deposition rates, thickness, cycle times etc. The targets used were 99% pure. TNMG160404 inserts of cemented carbide (WC-Co) K25 grade were used as the substrate material.
The inserts were cleaned with acetone and de-ionized water to remove impurities and contaminants and blow dried in nitrogen atmosphere at 100˚C. The inserts were placed on the carousel and the substrate was biased at −85 V, the targets were biased at −17 V and the current varied between 80 -120 A to modulate the ratio of various elements. The equipment is controlled by PLC to optimize and deposit the required thickness of coating of about 10 ± 4 μm. The target size was 50 mm in diameter and length of 510 mm. Nitrogen gas was supplied to the vacuum chamber at a pressure of 1.5 Pa. Further details of the deposition method are described in our previous work [12] .
Micro Hardness Test and Scanning Electron Microscopy
Vickers micro-hardness test was conducted on the as deposited coatings, using Matsuzawa MMTX7 automated hardness tester. A load of 100 gmf was used to indent the specimen. The dwell time was 20 seconds and a diamond pyramid indenter was used to calculate the hardness. Scanning electron micrographs were obtained for the fractured samples of the coatings using Jeol JSM7100FT field emission scanning electron microscope. An acceleration voltage of 30 kV was used during the process. The equipment was attached with the Energy Dispersive Spectrometry (EDS) facility and the elemental compositions in the coatings at different regions were found from the EDS. The take-off angle was 30˚ and 200 seconds of scan were made on samples for identifying the elemental composition.
Cutting Tests and Flank Wear Determination
Dry turning was performed using ACE CNC Jobber XL. AISI 304 stainless steel was chosen as the work material. The work piece had a diameter of 50 mm and length of 300 mm respectively. The speed, feed and depth of cut were chosen as per the Taguchi's L8 orthogonal array. The cutting parameters are as shown in Table 1 and Taguchi's L8 orthogonal array is shown in Table 2 .
The wear was determined using confocal laser microscopy and surface roughness of the finished work parts were found using Mitutoyo SJ 201 surface roughness tester.
Results and Discussions
Characterization of Coatings
The hardness of the coating is observed to be higher than that of the substrate.
The substrate has got hardness of 1755 HV whereas the coating has got hardness as shown in Table 3 . The hardness of the deposited coatings increases due to solid solution strengthening, high dislocation density and fine grain size. The coating is a polycrystalline array with fine grain size. Further the hardness of coating is much higher compared to the work piece hardness (~92 HRB) hence making it suitable for hard turning [16] [17] [18] . The TiAlZrN/Al 2 O 3 coating shows a columnar grain structure with preferred orientation. The coating is uniform without any delamination from the substrate. While the TiAlZrN/Si 3 N 4 coating show an equiaxed grain structure with reduced columnar orientation. The reduction in columnar grain structure is due to the spinodal phase segregation mechanism. Spinodal decomposition is due to composition fluctuations leading to modulations. The modulations lead to lean in solute regions and rich in solute regions. The diffusion coefficients are negative leading to uphill diffusion in the modulations. The coating segregates into a crystalline TiAlZrN grains and amorphous Si 3 N 4 phase. This segregation of phase promotes fine grain structure. The increase in hardness of the TiAlZrN/ Si 3 N 4 coating compared to TiAlZrN/Al 2 O 3 coatings can be attributed to this factor. The columnar orientation reduces the hardness of the coating and facilitates higher rate of heat transfer [19] [20] .
Energy Dispersive Spectrometry (EDS) was performed along the cross section of the coatings to determine the elements present. Figure 2 shows the EDS spectra for both the coatings along with their compositions.
From the EDS spectra it is evident that the TiAlZrN/Si 3 N 4 coatings showed the presence of oxygen at about 7%. This presence of oxygen could be due to low nitrogen activity. Further presence of oxygen above 3% can reduce the hardness of the coatings. This factor contributes to the fact that the coating did not reach the super hardness state of above 35 GPa. In the EDS spectrum of TiAlZrN/Al 2 O 3 the matrix peaks are also visible thus showing that the coating thickness is small at the fracted region [1] . 
Cutting Test and Grey Relational Optimization of Cutting Parameters
The cutting tests were carried out using ACE CNC Jobber XL machine. 
Grey Relational Analysis
Grey Relational Analysis (GRA) is performed to convert a multi-objective problem into a single objective optimization. In the present work we need both the flank wear and surface roughness to be low hence it becomes a multi-objective problem. The first stage in GRA involves the normalization of data between 0 and 1. It is carried out using the equation given below: ( ) ( ) ( ) ( )
where X i *(k) and X i (k) are normalized and observed data respectively. After carrying out the normalization for each response grey relation coefficient is calculated for each response using the Equation (2) ( ) 
Conclusion
The coatings TiAlZrN/Si 3 N 4 and TiAlZrN/Al 2 O 3 were deposited using physical vapor deposition technique. The coatings were investigated for its structural
properties. The TiAlZrN/Si 3 N 4 coatings exhibited a microhardness of 31.58 GPa which was higher than that of TiAlZrN/Al 2 O 3 coating. The cross sectional morphology of the coatings was studied using scanning electron microscope.
Equiaxed dense grain structure with reduced columnar orientation was found in 
